Astro-2 has revealed a broad, weak spectral feature in the ultraviolet interstellar linear polarization for two lines of sight, conÐrming the original detection toward HD 197770 and adding HD 147933È4. These are the only two polarization features found in some 30 lines of sight now observed. Both features are centered close to 2175 the position of the ubiquitous ultraviolet extinction bump. Two possibilities are A , considered for the source of the polarization feature : changes in the mass distribution of the aligned silicate grains responsible for the continuum polarization, and alignment of the small graphite grains responsible for the extinction bump. While the former approach meets with some success for the HD 197770 feature, it is not possible to produce a feature as clearly peaked as in HD 147933È4. The central wavenumbers and widths of both polarization features correspond closely to those of the corresponding extinction bump. Taken together, it seems the graphite grains are a more likely source of the polarization features. Both polarization features have amplitudes that are very small compared to the amount of excess extinction present in the 2175 bump, implying poor polarization efficiency. Many other lines of A sight have been observed with sufficient signal-to-noise ratios such that features should have been clearly detected if the same polarization efficiency applied, and so real variations in the alignment or shape of the grains responsible seem to occur from one line of sight to another. The weak alignment might be caused by unusually low concentrations of paramagnetic impurities in rapidly spinning small grains.
presented the Ðrst detailed measureClayton (1992) ments of the wavelength dependence of interstellar linear polarization in the ultraviolet and examined the data in relation to extrapolations of the Serkowski relation, as Ðtted to the visible and near-infrared data. Among the original six lines of sight observed, one, HD 197770, showed an apparent polarization "" feature ÏÏ centered near 2175 the A , location of the well-known extinction "" bump ÏÏ seen along all dusty lines of sight in the Galaxy (Mathis 1990 (Mathis , 1994 . Subsequent studies more than doubled the number of lines of sight studied, but no further ultraviolet polarization features were seen Clayton, & Meade (Wol †, 1993 ; Somerville et al. et al.
The existence of one pol-1994 ; Clayton 1995) . arized feature detected at a modest signal-to-noise ratio (S/N) among 14 lines of sight raised doubts as to its reality, and, if real, as to whether it had any relation to the 2175 A extinction bump.
The recent Astro-2 Space Shuttle mission provided the opportunity to both double the observed ultraviolet sample, yet again, and to reobserve the lone star with a polarization feature, HD 197770. et al. presented these Anderson (1996) new ultraviolet interstellar polarization data, bringing the total sample to about 30 stars. As discussed in this paper, the presence of a polarization feature toward HD 197770 has been conÐrmed at much higher S/N. In addition, another polarization feature was detected at high S/N toward HD 147933È4( oOph AB). With the exception of these two objects, the stars in the observed sample generally display a smooth (within the errors) wavelength dependence of polarization in the ultraviolet.
et al.
showed that the relative strength of Clayton (1995) the ultraviolet polarization where is the (p UV /p max , p max polarization maximum the optical) has a continuous range of values apparently correlated with (the wavelength at j max which occurs). This has been reinforced by et p max Anderson al.
This correlation implies that there might be a (1996) . mean interstellar polarization law analogous to the mean interstellar extinction law of Clayton, & Mathis Cardelli, hereafter The CCM law depends on only one (1989, CCM) . parameter, the ratio of total-to-selective extinction, The R V . parameters, and are both crude measures of the R V j max , mass distribution of interstellar dust Martin, & (Kim, Hendry Kim & Martin 1994 ; Mathis 1994) , the silicate and carbon particles (including larger ones) providing most of the smooth extinction seen at other wavelengths. From polarization observations of the infrared silicate absorption features, it has been inferred that silicate grains, nonspherical and aligned to the Galactic magnetic Ðeld, are among those responsible for the interstellar polarization and references therein). Indeed, (Mathis 1990 aligned silicate grains by themselves produce a very good Ðt to the characteristically smooth (featureless) infrared-toultraviolet polarization curves of most stars observed et al. Kim & Martin (Wol † 1993 ; It has been suggested that the extinction bump is not the result of graphite but rather of a population of polycyclic aromatic hydrocarbons (PAHs). If the observed ultraviolet polarization features could be associated with the 2175 A bump, then it would strengthen the argument that the bump and feature must be caused by grains rather than PAH molecules, which are not likely to be aligned to the Galactic magnetic Ðeld & Malhotra (Draine 1993) . Le ger and et al. have explored theoretically (1988) Rouan (1992) the possible alignment of PAH molecules in various interstellar environments. Empirically, the 3.3 and 11.3 km emission features are not strongly polarized Rouan, & (Sellgren, Le ger 1988) .
Our paper combines both polarization and extinction data in an e †ort to characterize the observed ultraviolet polarization features, and to discuss possible relationships with known components of interstellar dust. In we°2, present the data and tabulate parameters describing the extinction and optical continuum polarization. Next,°3 describes the analysis techniques for ultraviolet polarization and tabulates the results, quantifying the answer to :
Do the apparent polarization features represent real deviations from the smooth wavelength dependence seen for almost all other lines of sight ?
We also address the following issues : Could the carrier of the polarization features be the same as that for the continuum polarization ? and Are the features related to the 2175 extinction bump ? A 
The amplitude of the extinction bump is *q \ The ultraviolet extinction parameters are (c 3 /c2)E B~V /1.086. given in Table 2 .
Overall in their sample, Ðnd a very constant peak FM position km~1, but a signiÐcant range of the bump x 0 \ 4.6 width c (0.79È1.3 km~1 ;
The width of the Mathis 1994). 2175 bump is well correlated with environment, with A dense clouds having wider bumps and star-forming regions tending to have narrower bumps (Cardelli 1994 ; Mathis HD 197770 (Clayton 1992 ; Anderson 1996) . visible data (3225 km) were obtained at Pine Blu † A È1 Observatory (PBO). The infrared data (JHK bands) are taken from et al. Lebofsky, & Wilking (1980) , Wilking, Rieke and HD 147933È4 is a close (1982), Nagata (1990). visual binary ; both components are in the aperture for the ultraviolet, visible, and infrared observations. HD 197770 was observed with WUPPE during both Astro-1 and Astro-2 missions. Both sets of data are plotted in showing the generally good agreement. Conse- Figure 1 , quently, our analysis employs a weighted average of the two data sets. However, two aspects perhaps merit further comment. First, there appears to be a possible calibration mismatch near 3225 between the Astro-2 data and con-A temporaneous PBO data, as well as a possible systematic shift in the Astro-2 data with respect to the Astro-1 data in the near ultraviolet. The absolute scale of the e †ect is small but it does emphasize that there might be uncharacterized systematic errors in addition to the statistical ones. Second, we consider the high point at D4.4 km~1 in the Astro-1 data to be simply a statistical outlier (the di †erence between the Astro-1 and Astro-2 observations at this wavelength is *p \ 0.56%^0.16%) and a †ord it no special treatment.
We performed nonlinear least-squares Ðts to the visible and infrared ("" optical ÏÏ) data using the three-parameter Serkowski law et al. What we have called the polarization features are 1993). plainly seen, therefore answering our Ðrst question qualitatively in the affirmative.
The unique nature and relatively small size of the apparent ultraviolet polarization features make the issue of intrinsic and variable polarization an important one (why intrinsic polarization would produce a spectral feature of this nature is of course another). HD 197770 has spectral type B2 III and is an eclipsing binary HD (Clayton 1996) . 147933È4 is composed of two main-sequence early-type B stars, both of spectral type B2 V. Based on spectral type, neither object is expected to have any intrinsic polarization. The separation distance in each of the binary systems is too great to produce any polarization. In addition, each object has been observed several times from PBO with a minimum baseline of 3 yr. No variations are detected above 0.03%È 0.04% (at V ), a threshold imposed by systematic errors (see Nordsieck, & Nook Wol †, 1996) . Linear polarization is also characterized by the position angle of the electric vector. HD 197770 has a position angle constant with wavelength (within the errors), with no changes through the polarization feature. The same is true for HD 147933È4 through 5 km~1. Beyond this point, one Ðnds some structure that likely reÑects a combination of systematic errors and the small amplitude of the polarization. In any case, none of the structure appears to correlate Polarization not in percent in the polarization to extinction efficiency. c Using combined Astro-1 and Astro-2 data as in Fig. 3a. with the polarization feature. This implies that the grain components causing the continuum polarization and the polarization feature share a common direction of alignment (and argues against the cause of the feature being an admixture of intrinsic polarization). To quantify what part of the mass distribu-1994). tion was helping explain the excess polarization in the feature, we performed Ðts of both "" continuum data ÏÏ without the feature and data representing the feature alone (for this decomposition, see and This showed°3.2 Fig. 3a) . that the main requirement to create this feature above the continuum was a D70% increase in the numbers of particles in two bins near 0.06 km on the rapidly falling lowmass end of the mass distribution. We also examined the polarization predicted using a single bin near mean size 0.06 km (the bins have *a/a only 0.15). This shows a "" feature ÏÏ of width D2 km~1, somewhat wider than found in the formal Drude Ðts of HD 197770 in (this ÏÏfeature ÏÏ is simply a°3.2 shifted version of the peaked polarization curve in the optical produced by somewhat larger grains). However, the MEM model of HD 197770 can achieve a sufficiently narrow feature by also slightly decreasing the mass distribution in adjacent bins. These changes represent little additional mass and an insigniÐcant modiÐcation to the overall shape of the distribution. However, why this modiÐcation should occur for this line of sight is a matter for speculation.
Less success is met in the MEM Ðt for HD 147933È4 ( 1994, 1995) ; relatively low value near 6 km~1, the Ðt becomes sensitive to the precise refractive index of the silicates and probably also to the form of the building blocks themselves (here simply homogeneous spheroids, perfectly aligned). The other distinctive feature compared to HD 197770, along with the relatively low underlying continuum, is the higher contrast of the feature. These di †erences limit the ability within the MEM reconstruction to trade o † changes in the "" continuum ÏÏ level against polarization enhancements in the particular range of the feature ; it is then not possible to produce a feature as peaked as is seen.
Aligned Small Particles of Graphite ?
predicted the polarization wavelength Draine (1988) dependence for a population of small (equivalent radius km) aligned graphite grains that make a good Ðt a eq D 0.01 to the extinction bump. The wavelength dependence of the computed linear polarization feature is well described by a Drude proÐle with the same and c parameters as for the x 0 extinction et al. The shape of the graphite . grain is constrained by the fact that the polarization feature has the same sign as the continuum polarization (it is interpreted as an excess). The symmetry axis of graphite particles is arguably the c-axis, perpendicular to the basal planes (graphitic sheets). Grains tend to spin about the axis of highest moment of inertia which would be the sym-(°4.1), metry axis for oblate particles and orthogonal to it for prolate particles. The sign of the polarization feature is consistent with such grains if they are oblate, with the symmetry axis aligned parallel with respect to the magnetic Ðeld (Draine 1988) .
Following et al.
we Ðtted the ultraviolet , polarization data to a smoothly varying local continuum plus a Drude proÐle, restricting the wavenumber range to be greater than 2 km~1. The polarization features are Ðtted by three free parameters, c, and amplitude *p. Since we x 0 , Ðnd and c close to the values for the extinction bump, we x 0 also performed a polarization Ðt holding and c Ðxed at x 0 4.6 and 1.0 km~1, respectively. The parameters are listed in
The Ðts, displayed in are quite good. Table 3 . Figure 3 , Using also the basic data in and 2, we construct Table 1 the ratios of polarization to extinction for the continuum, and for the feature, *p/*q at the nominal center of the p c /q c extinction bump, 4.6 km~1. Here we adopt the *p and p c values from the Ðts with and c Ðxed. The results are x 0 tabulated in Table 3. 4. DISCUSSION Do the apparent polarization features represent real deviations from the smooth wavelength dependence seen for almost all other lines of sight ? There is no doubt that for these two stars the wavelength dependence of the polarization, as it falls through the ultraviolet, is distinctly di †erent than for many other stars. The departure from a smooth decay, what we have called the polarization feature, can be quantiÐed as which is 0.16 and 0.29 for HD 197770 *p/p c , and HD 147933È4, respectively. To the extent that the polarization can be described by a smooth continuum and a Drude proÐle the statistical signiÐcance can be (Fig. 3) , quantiÐed as 6 p for each star.
Could the carrier of the polarization features be the same as that for the continuum polarization ? In support of the possibility that these weak broad polarization features could result from the grain population responsible for the continuum polarizationÈi.e., aligned silicate grainsÈwe recall that the position angle does not change across the feature. A polarization feature might be produced if, for some silicates along these lines of sight, there was an appropriate change in the refractive index through this wavelength region (for some unknown reason). It would be unusual for a polarization feature not to have an associated extinction bump (on the other hand, extinction bumps do not necessarily demand polarization features). The expected change in extinction might sometimes be as large as which is q c *p/p c , 0.5È0.8 for these stars. However, the change here would probably be an order of magnitude less, because the aligned silicates do not account for much of the ultraviolet extinction by silicates & Martin and because even all (Kim 1994) of the silicates (aligned and unaligned) do not account for the entire et al. This extinction signature q c (Kim 1994). might then be masked by the usual "" graphite ÏÏ bump, which has much larger *q and occurs (coincidentally in (Table 2) this explanation) at about the same position ; a constraint is that and c of the net bump produced stay close to the x 0 average values, as observed.
A somewhat less contrived explanation was explored in in which the polarization features are produced by a°3.1, selective increase in the number of small aligned silicate grains relative to a smoothly falling mass distribution et al. Kim & Martin (Wol † 1993 ; Mathis 1996) . The required increase is modest in terms of total mass of aligned grains, but it has to be conÐned to a narrow range of sizes near 0.06 km( * aD0.01 km), where the increase is relatively signiÐcant (factor of 2). Since the degree of alignment is so low for these small sizes & Martin (Kim 1994) , such an increase might conceivably arise as the grain population evolves. Even so, the feature in HD 147933È4 cannot be adequately Ðtted by the MEM models because of the low and the narrow width. While the possibility of producing p c a good Ðt is better in HD 197770, it seems surprising that the putative changes in the aligned grain mass distribution would be so similar as to produce features both at 4.6 km, especially since the underlying aligned grain mass distributions for the two stars (with very di †erent and are
Are the features related to the 2175 extinction bump ? An A explanation in terms of aligned small graphite particles appears more promising
The most compelling evi-(°3.2). dence is that the parameters and c extracted objectively x 0 using the Drude proÐle Ðts are so close ( Fig. 3 ; Table 3 ) (identical, within the errors) to the corresponding values for the extinction bump precisely as predicted (Table 2) , et al. (Draine 1988 ; . Although the value of *p/*q (0.001È0.002 ; is If the direction of alignment of the small graphite particles were di †erent than the direction for the silicates, there could be a change in position angle through the feature, as large as which evaluates to 5¡ and 8¡ for HD 28¡ .7*p/p c , 197770 and HD 147933È4, respectively. This is not observed to occur.
The features have positive *p. Assuming alignment with respect to the same direction as for silicates (call this the magnetic Ðeld), this sign can be understood under the following conditions the graphite grains are (Draine 1988) : oblate with the graphitic planes along the long direction of the grain (c-axis parallel to the axis of symmetry)È probably the more natural directionÈrather than tall cylinders of stacked platelets ; an oblate grain spins about its symmetry axis ; and the symmetry/spin axis is aligned along the magnetic Ðeld. Other low nulls . appear to be HD 7252 and HD 99872 from HST et (Martin al. and HD 2905, HD 30614, and HD 99264 1995) et al. Therefore, there is a real variation (Anderson 1996) . from one line of sight to another in polarization efficiency.
If the polarization features were produced by fortuitous changes in the the mass distribution of aligned silicates, this would be expected. Otherwise, the explanation lies in variations in the alignment efficiency of small graphite particles. Compared to other lines of sight studied, there seems nothing remarkable about HD 197770 and HD 147933È4, whether in terms of shape of the continuum polarp max /q V , ization and extinction curves, or the total column density of dust.
Alignment of Small Graphite Grains
The traditional interpretation of the extinction bump has been as a surface plasmon resonance on small graphite dust grains (e.g., & Lee Most researchers MRN, Draine 1984) . have assumed that such grains are unaligned, possibly because grain alignment has usually been focused on (super)paramagnetic alignment of silicates and ices, and also for lack of any evidence. However, the possibility that the bump grains might be aligned and produce a polarization feature was a signiÐcant motivation for WUPPEÏs interstellar program and for the HST observations. Interestingly, little quantitative has been said about the potential degree of alignment, although recently & Roberge Karcz have concluded that "" the magnetic alignment of (1995) small graphite particles will be insigniÐcant in di †use clouds.ÏÏ But according to our results above, the alignment, while low, is sometimes nevertheless enough ! Recent literature has emphasized how grain mass distributions can evolve by aggregation (and shattering). In that case, some small graphite particles might be stuck to small silicate grains. Preliminary calculations by & Draine Malhotra suggest that this would not cause problems (1993) for the properties of the extinction bump. One might then appeal to the properties of the silicates to help align the composite grains. However, it is not clear how one would maintain systematic alignment of the graphitic planes with respect to the body axes of the particle. Calculating the magnitude of expected polarization is certainly beyond the scope of this paper. We consider the alignment of single particles.
From thermal collisions with gas atoms at temperature graphite grains of density 2.26 gm cm~3 would have a T g , rotational velocity
Suprathermal rotation induced by molecule formation H 2 might increase this to as much as 1010 s~1 for (Purcell 1979) such small particles, but has suggested Lazarian (1995a) that this will not occur for graphite particles.
Compared to the case of perfect alignment, the polarization by small spinning grains can be described by
where the ensemble average (Martin 1978) ,
characterizes the distribution function of some angle (in eq. the angle is between the symmetry axis of the grain, [3] , h SB S, and the direction of the Galactic magnetic Ðeld, B), and t is the angle between the magnetic Ðeld and the line of sight.
Aligned spheres of graphite would produce polarization, but it is necessary to have nonspherical particles to achieve this alignment. Physically, alignment can be thought of as alignment of the angular momentum vector of the grain (J) with B and alignment of S with respect to J For (Q JB )( Q SJ ). nonspherical grains, internal dissipative processes align J rapidly with the grain axis of highest moment of inertia. For example, the timescale for acoustic relaxation (from imperfect elasticity) is only 105(a/0.01 km)5.5 s (Purcell 1979) . Although Barnett relaxation is probably even faster, it depends on the uncertain magnetic properties of interstellar graphite particles. For simplicity, we shall assume that internal dissipation leads to perfect alignment ; hence, for oblate particles ([1/2 for prolate particles, but Q SJ \ 1 this would give the wrong sense of polarization). Consequently, we have the alignment measure Q SB D Q JB (Purcell 1979).
For alignment of J with B, we consider magnetic dissipation. The relevant dimensionless parameter is d, the ratio of the rotational damping time from gas collisions to the magnetic dissipation time. Using an approximation for small d & Spitzer (Jones 1967) , 
